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Abstract 

The  project  was  concerned  with  dynamics  in  telecommunication  networks,  with  principal  focus 
on  peer-to-peer  dissemination  systems.  The  main  contributions  are  advanced  mathematical 
models  for  content  propagation  and  exchange  mechanisms,  based  on  tools  from  queueing  theory, 
dynamical  systems  and  control,  applied  to  explaining  the  observed  behavior  in  practically 
deployed  systems,  as  well  as  indicating  methods  for  improving  performance. 

A  first  line  of  work  was  to  develop  the  theory  for  a  fluid-PDE  model  for  content  evolution  in 
peer-to-peer  networks,  initiated  in  our  previous  AFOSR/SOARD  project.  In  this  line  we  have  the 
following  contributions:  We  established  the  foundation  for  our  models  by  rigorously  proving 
their  mathematical  relationship  with  queueing  systems  [1,11].  We  included  heterogeneity  in  the 
model  for  peer  access  bandwidth,  analyzing  its  impact  on  dynamics  [5].  The  control-theoretic 
analysis  of  our  fluid-PDE  dynamics,  as  well  as  empirical  validations,  were  covered  extensively 
in  the  journal  article  [12];  some  additional  results  on  global  stability  were  obtained  in  [8]. 

A  second  line  of  contributions  referred  to  the  relationship  between  the  microscopic  mechanisms 
for  piece  exchange  in  peer-to-peer,  and  the  resulting  bandwidth  allocation.  In  particular  we 
studied  a  proportional  reciprocity  mechanism  [4,  9]  which  idealizes  some  of  the  desirable 
features  of  the  problem,  and  allows  for  a  mathematical  prediction  of  performance.  We  further 
studied  in  those  references  and  the  thesis  [7]  how  to  approximately  implement  this  allocation 
through  neighbor  selection,  for  which  we  invoked  stochastic  optimization  techniques  such  as  the 
Gibbs  sampler. 

A  third  line  concerns  situations  in  which  the  spatial  topology  of  the  network  has  an  impact  on 
file-sharing.  In  particular  we  were  interested  in  wireless  ad-hoc  networks,  where  P2P  offers  a 
simple  dissemination  solution  but  must  address  the  fact  that  communication  bandwidths  are 
influenced  by  location.  Optimal  sharing  schemes  tailored  to  this  setting  were  analyzed  in  [10] 
and  the  thesis  [7],  and  a  journal  version  is  in  preparation. 

Additionally,  during  this  project  we  also  completed  the  publications  [2,  3,  6]  stemming  from  our 
previous  project  on  cross-layer  network  optimization. 
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Accomplishments/New  Findings 

We  report  separately  on  the  areas  of  research  indicated  in  the  abstract. 

1.  Fluid  models  for  population  and  content  dissemination  in  peer-to-peer  networks. 

We  work  here  with  fluid  models  of  a  P2P  swarm,  which  track  populations  of  peers  as  a  function 
of  their  download  progress  expressed  by  residual  work.  In  prior  work  we  introduced  such  models 
and  validated  their  relevance  to  practical  P2P  systems. 

•  The  relationship  between  our  fluid-PDE  models  and  stochastic  queues  was  studied  in  [1]  and 
further  developed  in  our  journal  article  [11].  For  a  peer-to-peer  swarm  with  homogeneous 
network  access  parameters,  we  have  established  that  the  resulting  file-sharing  closely 
matches  a  Processor  Sharing  discipline,  in  which  all  downloading  peers  equally  share 
available  upload  resources.  In  the  P2P  case  under  fixed  servers  (seeders)  this  yields  to  a 
combination  of  the  M/G/l-PS  and  M/G/°°  queues;  using  recent  results  on  insensitivity  of  the 
stationary  distributions  of  such  queues,  it  is  possible  to  carry  out  a  scaling  limit,  from  which  a 
fluid  stationary  model  emerges,  consistent  with  the  steady-state  of  our  fluid-PDE  model. 
Fluctuations  around  this  mean  can  further  be  characterized  by  a  functional  Gaussisan 
approximation.  In  the  case  where  the  seeder  population  is  slowly  time-varying,  a  further 
analysis  through  separation  of  time-scales  provides  a  characterization  of  the  steady-state  limit 
and  its  fluctuations.  Results  were  validated  against  packet-level  simulations. 

•  The  aforementioned  models  of  population  dynamics  in  peer-to-peer  file  sharing  systems 
apply  to  a  single  class  of  peers  with  homogeneous  network  access  parameters.  When  upload 
bandwidths  are  heterogeneous,  reciprocity  mechanisms  lead  to  non-uniform  download  rates 
and  a  more  complex  multi-class  dynamics.  We  first  addressed  this  situation  in  [5]  ,  both  for 
ordinary  differential  equation  models,  and  for  the  more  detailed  PDE  case.  The  strongest 
results  apply  to  a  proportional  reciprocity  model  in  which  mutual  download  bandwidths  are 
allocated  in  proportion  to  the  upload  speed,  plus  a  uniformly  distributed  server  component. 
Partial  results  can  also  be  given  for  a  system  where  a  fraction  of  mutual  bandwidth  is 
uniformly  allocated,  which  represents  some  features  of  current  protocols. 

•  From  a  dynamics  and  control  perspective,  the  PDE  dynamics  is  a  challenging  object  because 
of  its  infinite  dimensionality  and  nonlinearity.  In  was  shown  in  [12]  how  different  tools  from 
control  theory  (Fyapunov,  small-gain,  frequency  domain)  apply  to  establishing  local  stability 
and  noise  response  of  the  resulting  equilibrium  profile.  What  is  even  more  challenging  is  to 
provide  global  stability:  in  [8]  we  showed  how  such  results  follow  from  the  theory  of 
monotone  dynamical  systems. 

2.  Analysis  of  reciprocity  mechanisms  in  peer-to-peer 

The  preceding  contributions  look  at  the  population  dynamics  from  a  macroscopic  point  of  view, 
with  an  idealized  model  of  bandwidth  allocation  among  peers.  In  practice  such  allocation  is 
determined  by  the  microscopic  piece  exchange  rules,  most  importantly  the  reciprocity 
mechanisms  imposed  by  protocols  to  guarantee  peer  participation  and  avoid  free  riding.  Is  it 
possible  to  analyze  such  reciprocity  schemes  from  a  mathematical  point  of  view?  While  some  of 
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the  prevailing  schemes  are  of  heuristic  type  and  difficult  to  model,  it  turns  out  that  there  is  a 
natural  proportional  reciprocity  method  that  is  both  recommendable  to  provide  transparent 
incentives,  and  amenable  to  mathematical  modeling. 

•  From  a  mathematical  perspective,  proportional  reciprocity  can  be  characterized  in  terms  of  a 
suitable  convex  optimization  problem  in  matrix  space  (the  matrices  of  mutual  exchange 
bandwidths)  and  furthermore  a  decentralized  algorithm  inspired  in  matrix  renormalization 
can  be  used  to  achieve  this  allocation.  These  studies  are  given  in  [4,  9]. 

•  From  a  practical  perspective,  the  preceding  algorithm  is  not  suitable  since  it  requires  a  fine 
control  of  transmission  rates  among  peers.  We  further  studied  in  [4,  9]  and  the  thesis  [7] 
whether  this  control  could  be  replaced  by  an  adequate  neighbor  selection.  Techniques  from 
Gibbs  sampling  based  on  a  suitable  energy  function  where  employed  to  derive  such 
algorithm,  which  compares  favorably  with  alternatives  in  simulation  studies. 

3.  Peer-to-peer  dissemination  in  wireless  networks. 

The  preceding  work  describes  peer-to-peer  networks  in  the  most  common  setting,  that  of  a  wired 
network  subject  to  an  upload  bandwidth  constraint.  Given  the  success  of  this  dissemination 
strategy,  it  is  natural  to  consider  its  potential  in  other  less-structured  scenarios,  in  particular 
wireless  ad-hoc  networks  in  which  a  set  of  agents  distributed  in  a  certain  area  cooperatively 
engage  in  dissemination  of  files  of  common  interest.  The  wireless  substrate  poses  at  least  two 
additional  challenges. 

•  In  contrast  to  the  wired  case,  variations  in  quality  of  mutual  wireless  channels  imply  that  not 
all  peering  choices  have  equal  bandwidth.  This  means  there  is  a  tradeoff  between  an  efficient 
use  of  the  medium  and  achieving  the  desirable  reciprocity  in  the  exchange.  This  tradeoff,  and 
decentralized  means  to  achieve  it,  were  analyzed  in  [10]. 

•  A  second  difficulty  arises  due  to  interference  between  wireless  channels.  This  imposes  an 
additional  question  of  scheduling  to  the  preceding  tradeoff.  An  initial  exploration  of  schemes 
to  negotiate  this  tradeoff  was  pursued  in  the  thesis  [7],  based  on  the  Gibbs  sampler.  An 
extension  of  the  work  in  [10]  based  on  optimization  to  this  setting  is  under  prepartation  for  a 
journal  publication. 
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